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Owing to climate change, most notably the increasing frequency of marine heatwaves and long-term ocean warming, better
elucidating the upper thermal limits of marine fishes is important for predicting the future of species and populations. The
critical thermal maximum (CTmax), or the highest temperature a species can tolerate, is a physiological metric that is used to
establish upper thermal limits. Among marine organisms, this metric is commonly assessed in bony fishes but less so in other
taxonomic groups, such as elasmobranchs (subclass of sharks, rays and skates), where only thermal acclimation effects on
CTmax have been assessed. Herein, we tested whether three life history stages, sex and body size affected CTmax in a tropical
elasmobranch, the epaulette shark (Hemiscyllium ocellatum), collected from the reef flats surrounding Heron Island, Australia.
Overall, we found no difference in CTmax between life history stages, sexes or across a range of body sizes. Findings from this
research suggest that the energetically costly processes (i.e. growth, maturation and reproduction) associated with the life
history stages occupying these tropical reef flats do not change overall acute thermal tolerance. However, it is important to
note that neither embryos developing in ovo, neonates, nor females actively encapsulating egg cases were observed in or
collected from the reef flats. Overall, our findings provide the first evidence in an elasmobranch that upper thermal tolerance
is not impacted by life history stage or size. This information will help to improve our understanding of how anthropogenic
climate change may (or may not) disproportionally affect particular life stages and, as such, where additional conservation
and management actions may be required.
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Introduction
Ectothermic fishes are dependent on environmental water
temperature to regulate all aspects of their biology, where
organisms have optimal temperature ranges for their growth,
reproduction and ultimately their survival (Angilletta Jr,
2009). When temperatures shift outside of optimal ranges,
negative consequences arise for individuals that can cascade
to population level issues and overall ecosystem health
(e.g. Angilletta Jr, 2009; Pörtner and Peck, 2010). With the
increasing occurrence of marine heatwaves and sustained
ocean warming due to anthropogenic climate change
(Fox-Kemper et al., 2021), the biological thermal constraints
of marine ectothermic fishes are of growing concern (Pörtner
and Peck, 2010). Therefore, it is imperative that we assess
thermal ranges and end points (minima and maxima)
to understand current thermal constraints and aid our
understanding of the role that thermal plasticity may play
in a warming ocean (Angilletta Jr, 2009; Gunderson and
Stillman, 2015; Seebacher et al., 2015). To do so, one
physiological metric, critical thermal maximum (CTmax),
which marks an organism’s highest acute temperature
tolerance, is commonly established by incrementally increas-
ing water temperatures until the individuals lose motor
function or the onset of muscle spasms occurs (Lutter-
schmidt and Hutchison, 1997; Kingsolver and Umbanhowar,
2018). Although the high temperatures reached during
these tests for most species do not reflect non-captive
ecological scenarios, they provide a measure of the upper
thermal capability of a species that can be repeated and
compared intra- and inter-specifically (Morgan et al.,
2018).

For elasmobranch fishes (sharks, rays and skates), aside
from being one of the most globally threatened taxa due to
fisheries interactions (Dulvy et al., 2021), ocean warming
has also become of concern (Pereira Santos et al., 2021).
This subclass of mostly ectothermic fishes exhibits slow
generation times on the order of years to decades (Conrath
and Musick, 2012), thus reducing their potential for thermal
transgenerational adaptation (Pereira Santos et al., 2021).
Furthermore, many elasmobranch species are demersal and
exhibit a degree of site fidelity (e.g. Awruch et al., 2012;
Kneebone et al., 2020), potentially limiting their ability
to undertake large-scale migrations to relocate to cooler,
more suitable thermal conditions that also provide adequate
benthic habitat (Vilmar and Di Santo, 2022). So, despite
mounting global concerns for elasmobranch populations,
and that their life history strategies may preclude their
ability to quickly adapt to changing environments, the
thermal biology of most elasmobranch species remains under-
investigated (Pereira Santos et al., 2021). For example,
CTmax estimates from elasmobranchs are limited to only
four species and have only been assessed in relation to
thermal history (Fangue and Bennett, 2003; Dabruzzi
et al., 2013; Gervais et al., 2018; Bouyoucos et al.,
2020).

Different life history stages, because of their associated
energetic demands, may be differentially impacted by
warming and temperature stress (Pörtner and Farrell, 2008;
Przeslawski et al., 2015; Dahlke et al., 2020). During life
stages where growth, development and gamete production
result in high energetic costs, organisms are hypothesized
to exhibit reduced upper thermal tolerance (Dahlke et
al., 2020). There may also be inherent thermal tolerance
differences between sexes and across increasing mass over
life stages, as large-bodied fishes heat internally more slowly,
producing higher CTmax values (Stevens and Fry, 1974;
Zhang and Kieffer, 2014; Messmer et al., 2017). However,
these hypotheses have never been tested in an elasmobranch
species, where the time scale of development and reproduction
can span months to years (Conrath and Musick, 2012),
representing large energetic costs. Moreover, species from
this taxon generally have larger body mass ranges compared
to teleost species investigated in most CTmax studies (e.g.
Ospina and Mora, 2004; Messmer et al., 2017; Morgan et
al., 2018, 2019; Firth et al., 2021; Penney et al., 2021).

To understand the influence that life history stage, sex and
body size have on the thermal tolerance of elasmobranchs, we
studied the epaulette shark (Hemiscyllium ocellatum), which
is a small demersal shark found throughout the Great Barrier
Reef (GBR), Australia (Dudgeon et al., 2019). This tropical
species inhabits shallow, coastal environments that vary daily
but reside within a narrow thermal niche, where they may
experience (on average) only 6–7◦C of water temperature
change annually (Heupel et al., 1999; Nay et al., 2021).
Furthermore, epaulette sharks are abundant in multiple life
stages (juveniles to adults) on reef flats throughout the GBR,
and the relationship between body size and maturity has been
previously established (Heupel et al., 1999). Epaulette sharks
are oviparous (egg-laying), reproducing annually from July to
December (Heupel et al., 1999). Therefore, this species allows
us to assess thermal limits within a singular season to mitigate
seasonal acclimatization effects (Gervais et al., 2018) while
still using a range of life history stages, including reproducing
adults.

We hypothesized that reproducing adults may have a
reduced thermal tolerance when compared to other life stages,
as high energetic investments toward gamete production
likely reduce the amount of energy available for thermal
stress responses (e.g. Freitas et al., 2010; Komoroske et al.,
2014; Clark et al., 2017; Dahlke et al., 2020). Furthermore,
we hypothesize that the upper thermal tolerance of juveniles
and subadults would be similar between sexes, but mature
adult females would have a lower thermal tolerance than
mature adult males, given that female reproduction appears
to be more costly than male reproduction (Hayward and
Gillooly, 2011). Finally, we hypothesized that larger body
mass individuals would have a higher upper thermal
tolerance when compared to smaller conspecifics. Overall,
outcomes from this study will inform whether certain life
history stages in the epaulette shark—and potentially other
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similar species—are more vulnerable to warming, which is
important information for current and future frameworks
of elasmobranch conservation under the threat of ocean
warming (Pereira Santos et al., 2021).

Methods
Animal ethics and permits
The experimental protocols in this study were approved
by the James Cook University Animal Ethics Committee
(protocol A2739). The temporary collections were conducted
under the appropriate Queensland Fisheries (#255136)
and Great Barrier Reef Marine Park Authority (GBRMPA
G21/44922.1) permits.

Collections and temporary holding
Thirty epaulette sharks were collected from the Heron Island
reef flat (23.4423◦S, 151.9148◦E) during low tides in October
and November 2021 during the peak reproductive season
(Heupel et al., 1999). Sharks were hand-caught with dip nets,
sexed and photographed for their unique spot pattern for
identification purposes and transported back to the Heron
Island Research Station. The individuals were temporarily
maintained for two to seven days in a 364 cm by 364 cm
aquarium (flow-through system) supplied with 4770 litres
of seawater from the reef flat. The aquarium was located
outside with natural photoperiod and diel changes in water
temperature that mirrored the reef flat where the sharks were
collected. Sharks were not fed during their time in captivity so
that experimentation could commence with animals that had
been fasted for at least 48 hours. No more than 15 sharks
were in captivity at any given time, and sharks were provided
with shelters, given their propensity to hide in their natural
habitat.

Critical thermal maximum assays
To determine CTmax, a 156 cm diameter by 56 cm high
cylindrical aquarium was filled with 363 litres of clean
seawater at the same temperature as the holding aquarium,
and a weighted basket made of plastic mesh measuring
60 cm by 42 cm by 42 cm was placed inside to restrict
movement of the sharks. Thermal ramping rate, or how
quickly the water is warmed during a CTmax assay, can
impact the final endpoint, where slower thermal ramping
rates produce lower CTmax values and vice versa (Messmer
et al., 2017; Kingsolver and Umbanhowar, 2018; Illing et
al., 2020). Therefore, it is important to choose a rate that
allows the internal body temperatures to increase in parallel,
which is especially important for larger fish species, given
the body mass differential, but fast enough such that it
precludes acclimation (Messmer et al., 2017; Kingsolver
and Umbanhowar, 2018; Illing et al., 2020). We used a
2000-watt titanium heater to heat the water at a rate of
0.1◦C min−1, which is slower than previous CTmax elasmo-

branch studies (i.e. 0.3◦C min−1: Fangue and Bennett, 2003;
0.25◦C min−1: Dabruzzi et al., 2013; 0.26◦C min−1: Gervais
et al., 2018; 0.28◦C min−1: Bouyoucos et al., 2020), but
likely an improved rate for this generally large-bodied taxon.
Both water temperature and oxygen concentrations were
logged every five seconds throughout the assays with an
OXROB3 fibre optic probe connected to a Firesting Optical
Oxygen Meter (Pyroscience GmbH, Aachen, Germany). An
air stone and two 1000 litre hr−1 pumps were used to ensure
homogeneous mixing of water throughout the experimental
aquarium during assays, and oxygen concentrations did not
drop below 80% air saturation. Starting water temperature
of the assays ranged from 22.8 to 26.7◦C, but could not be
controlled for, as inflowing water came directly from the reef
flat, which warms throughout the day. As a result, morning
assays started at lower temperatures than afternoon assays.

Sharks were allowed to habituate to the experimental
aquarium for one hour prior to thermal ramping (Gervais
et al., 2018), and we ensured the sharks were at rest for at least
10 minutes prior to the start of the assay. Ventilation rates
(gill beats per min; bpm) were measured every 15 minutes
for the first part of the assays, while rates were increasing;
then, after ventilation rates peaked and began to remain
constant or decrease, measurement frequency increased to
every two minutes (Gervais et al., 2018). At each ventilation
count, it was noted whether the shark was active or resting.
After each of the two-minute interval ventilation measure-
ments, the sharks were flipped ventrally 180 degrees along
the longitudinal axis to test for the loss of righting reflex
(LRR; Lutterschmidt and Hutchison, 1997; Gervais et al.,
2018). Sharks were considered to have lost their righting
reflex when they were unable to right themselves within ten
seconds (Zhang and Kieffer, 2014). After LRR was reached,
sharks were immediately removed to a water bath at the
initial starting temperature of the assay, and the end point
temperature of LRR was recorded. Sharks were allowed to
recover for 24 hours after the assays were conducted.

Life history staging
After recovery, sharks were measured for total length (TL;
cm), mass (kg) and, for males, inner clasper length. Female
sharks were palpated to detect the presence or absence of
egg cases. Sharks were classified into three life history stages
of juvenile, subadult or mature adult, based on total lengths
reported in Heupel et al. (1999; Table 1). Similar to findings
from Heupel et al. (1999), males in the 49–61 cm TL range
had claspers that ranged in length and calcification status
(Fig. 1), and so we prioritized clasper length and calcification
over TL when categorizing male life history stages. For exam-
ple, males are considered juveniles when TL is less than 53 cm,
but two of the small males in this study (49.6 and 51.1 cm
TL) also had partially elongated and calcified claspers that
were 3.8 and 5 cm, respectively (asterisk marked data points,
Fig. 1). Therefore, we classified these sharks as subadults and
not juveniles, as maturation had clearly begun.
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Figure 1: Male epaulette shark total length (cm) verses average inner clasper length (cm) assessed in this study. The horizontal and vertical
dashed lines respectively represent the cut-off between juvenile and subadult clasper length and total length. Two sharks (denoted with ∗) had
total lengths indicative of juvenile status but also had elongated and partially calcified claspers and were therefore deemed subadults

Table 1: Life history stage classification of epaulette sharks (H.
ocellatum) from sex-specific total lengths and clasper lengths at
maturity, as reported in Heupel et al. (1999)

Life history
stage

Total length (cm)

Juvenile M: <53 cm

F: <55 cm

Subadult M: 53–61 cm TL OR inner clasper length ≥3.0 cm

F: 55–61 cm

Mature adult >61 cm

Finally, each shark was implanted with a passive integrated
transponder tag into the dorsal musculature to the left of
the first dorsal fin to ensure no shark was re-captured and
repeated in our experiments. All sharks were released onto the
reef flat at the location of capture in good health (e.g. exhibit-
ing normal ventilation rates and behaviour, and no change
in overall coloration or redness on the ventral side, as per
Gendron and Menzies, 2004). Of the 30 sharks assessed for
CTmax, nine were juveniles (8 M; 1 F), eight were subadults
(4 M; 4 F) and 13 were mature adults (5 M; 8 F; Table 2). No
females were encapsulating egg cases at the time of capture or
at the time of CTmax assays.

Statistical analyses
First, one outlier was identified by a Dixon’s Q test and
was removed from the dataset (Q = 0.50595, P = 0.001172)
(Supplementary S0) (Komsta, 2022). To test for the effects
of non-controlled trial conditions, a linear regression was

performed incorporating the number of days each shark was
in holding at the field station prior to the CTmax trials.
Additionally, the time of day of the start of the trial and the
starting water temperature were included in an interaction
term to account for changes in water temperature across the
course of the day (Supplementary Table S1). Next, a linear
model was fit to assess the effect of life history stage, sex
and mass on CTmax, where all factors were included in
an interaction term to account for inherent relationships
between these factors (e.g. mature sharks have higher mass)
(Supplementary Table S2).

To assess how activity level during CTmax trials differed
between life history stages and sex, we performed a
binomial (i.e. active vs resting) generalized linear mixed-
effects model (GLMM) with individual as a random effect
(Supplementary Table S3) (lme4; Bates et al., 2015). Next,
to assess ventilation rates across CTmax trials, we considered
activity level findings from the previously described GLMM
model. Although not significant, some subadults were more
active during trials, which artificially inflated the subadult
overall ventilation rate model fits when data from both
activity levels were included. Additionally, we were not able
to quantify the duration or magnitude of swimming activity
across the trial or at each observation, where fast or sustained
swimming would increase ventilation rates more quickly over
time. Therefore, we have only included ventilation rates from
resting sharks herein, so data are directly comparable between
groupings. We performed a generalized additive model
(GAM) of ventilation rate over a smoother of the experiment
time with an interaction term for life history stage and
sex (mgcv; Wood, 2011) (Supplementary Table S4). We also
included the first order auto-correlation function to account
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Table 2: The mean CTmax, standard deviation (s.d.) and range for each life history stage and sex with one outlier removed (see Table S0)

Life history stage Mean mass (kg) (±s.d.) [range] Mean total length (cm) (±s.d.) [range] Mean CTmax (◦C) (±s.d.) n

Juvenile 0.26 ± 0.10 [0.11–0.39] 44.6 ± 5.0 [36.1–50.0] 36.14 ± 0.26 9

Subadult 0.47 ± 0.10 [0.35–0.62] 56.3 ± 4.1 [49.6–60.8] 36.17 ± 0.35 8

Mature adult 0.67 ± 0.07 [0.54–0.64] 65.6 ± 2.8 [61.2–66.3] 36.20 ± 0.27 12

All females 0.58 ± 0.18 [0.18–0.78] 61.0 ± 6.8 [45.0–70.3] 36.24 ± 0.23 12

All males 0.42 ± 0.19 [0.11–0.74] 53.4 ± 10.4 [36.1–68.5] 36.13 ± 0.30 17

for the fact that ventilation rates are inherently dependent
on the previously measured rate (Supplementary Table S4).
Finally, the estimated marginal means within each sex were
compared between life history stages (emmeans; Lenth,
2022) (Supplementary Table S4). All models were visually
checked for normality and homoscedasticity using qqplots
and residual plots, and all analyses were conducted in R
(version 4.1.1., R Core Team, 2021).

Results
Despite the assay starting water temperature ranging from
22.8 to 26.7◦C, this factor did not affect the CTmax end point
(F1,24 = 0.50, P = 0.48; Fig. 2B). Furthermore, the number of
holding days before the assay (F1,24 = 0.33, P = 0.57; Fig. 2A),
the time of day of the assay (F1,24 = 0.18, P = 0.68; Fig. 2C),
nor the interaction term (F1,24 = 1.42, P = 0.25) had any effect
on CTmax; these factors were therefore excluded from the
subsequent CTmax models. CTmax did not change across the
distinct life history stages of juveniles, subadults or mature
adults (F2,18 = 0.60, P = 0.56; Table 2, Fig. 3A). Furthermore,
CTmax did not differ between sexes (F1,18 = 2.80, P = 0.11;
Table 2, Fig. 3B) or over body mass (F1,18 = 1.33, P = 0.26;
Table 2, Fig. 3C). This model did include significant inter-
actions between life history stage and mass (F2,18 = 4.56,
P = 0.02) as well as sex and mass (F1,18 = 6.03, P = 0.02)
(Supplementary Table S2).

During CTmax trials, there was no difference in the
proportion of time spent resting verses active between life
history stages (χ 2 = 3.14, P = 0.21; Fig. 4A) or sexes (χ 2 = 0.58,
P = 0.45; Fig. 4B) (Supplementary Table S3). The resting
ventilation rates of sharks did not differ between sexes
(F = 3.87, P = 0.05, Fig. 5) (Supplementary Table S4). Within
females, subadults had higher ventilation rates than juveniles
(t-ratio = −3.44, P = 0.00) and adults (t-ratio = 2.42, P = 0.04),
and within males, both juveniles (t-ratio = 3.81, P = 0.00)
and subadults (t-ratio = 3.01,P = 0.01) differed from mature
adults (Fig. 5, Supplementary Table S4).

Discussion
With the aim to determine whether three life history stages,
sex and body size affected the upper thermal tolerance limits

of a tropical elasmobranch species, this study did not find any
effects of these factors on CTmax (Table 2, Fig. 3). Although
CTmax trials were not identical in terms of animal holding
time (i.e. time from temporary collection to the CTmax trial),
starting water temperature or time of day, we found no effect
of these experimental design variables on CTmax (Fig. 2).
Finally, we did find small differences in the resting venti-
lation rates during CTmax trials, particularly within males
(Fig. 5B). Our findings fuel the question: how are various life
history stages and each sex impacted by thermal stress if it
is not reflected in their upper thermal tolerance? Moreover,
what are the most useful physiological markers to inform
this question in future research? Answering these questions
will provide a more uniform approach amongst researchers
working to understand thermal limits in the context of climate
change.

Life history stage and sex effects on CTmax

Having synthesized thermal limits across teleost fishes,
Dahlke et al. (2020) proposed that thermal tolerance
differs across life history stages. During embryonic stages
of development, individuals do not have a fully developed
cardiorespiratory system, and embryos would have a reduced
capacity to circulate oxygen to tissues (Pörtner and Peck,
2010). Furthermore, in spawning adults, energy is diverted
to gamete development, thus reducing the amount of oxygen
available for a thermal response (Pörtner and Peck, 2010;
Dahlke et al., 2020). These hypotheses are well reflected in the
synthesized data; however, Pottier et al. (2022) has contested
these findings, indicating that the thermal threshold data
were compared between different methodologies (e.g. CTmax
verses field temperatures), where some datasets were likely
underestimating upper thermal tolerance in embryos and
adults. Indeed, many studies including multiple life stages
have not found differences in CTmax (e.g. Ospina and Mora,
2004; Recsetar et al., 2012; Andreassen et al., 2022); however,
including a full range of life stages within a singular study
is challenging, as most studies are lacking the very earliest
life stages or validated reproducing adults (Johnson, 1976;
Ospina and Mora, 2004; Recsetar et al., 2012; Andreassen et
al., 2022).

In the context of the current study, we were not able to
include embryonic and neonate life stages, as egg cases and
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Figure 2: Uncontrolled experimental conditions that could impact CTmax. There was no effect of (A) number of days in captivity prior to assays
(P = 0.57), (B) starting water temperature of the assays (P = 0.48) or (C) time of day when assay commenced (P = 0.68) on CTmax. Shaded areas
represent the 95% confidence intervals of the linear models

newly hatched neonate sharks have not been documented
on the Heron Island reef flat (Heupel et al., 1999 and this
study). Including these earlier life stages could help elucidate
if a bottleneck in CTmax exists in this species. However,
embryonic CTmax would likely require a different endpoint
metric than LRR used here and across many other studies,
given that elasmobranch embryos are attached to a large
yolk and do not necessarily maintain a specific orientation
and would therefore not right themselves. Perhaps cessation
of other motor functions such as tail movements during
early developmental stages and the onset of muscle spasms
during later developmental stages would suffice. However,
these endpoints are likely not directly comparable to LRR, as
muscle spasms, for example, occurs well after LRR, which is

why studies using that endpoint tend to produce higher CTmax
estimates (Lutterschmidt and Hutchison, 1997).

In this study, we were also unable to assess CTmax in
females that were actively encapsulating egg cases. The egg
encapsulation process for this species is only 2–5 days long
(Wheeler, unpublished data), which is difficult to capture
when collecting wild sharks. However, adult sharks in this
study were presumably undergoing other reproductive pro-
cesses beyond egg encapsulation during our experiments, such
as spermatogenesis for males and vitellogenesis and folliculo-
genesis for females. Indeed, we conducted this study during
the reproductive season (Heupel et al., 1999), and ejaculate
was found on several calcified claspers of adult males during
physical exams. Although nothing is known of reproductive
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Figure 3: Boxplots and linear regression of the mean CTmax across (A) life history stages (P = 0.56), (B) sex (P = 0.11) and (C) body mass (P = 0.26).
The shaded area represents the 95% confidence intervals of the linear fit

effects on CTmax in elasmobranchs, there are some findings in
viviparous teleosts, although limited and conflicting. Auer et
al. (2021) reported that CTmax was similar from pre-gestation
to early gestational stages but decreased by nearly 0.5◦C in
late stages prior to parturition. Contrarily, Johnson (1976)
found no difference in CTmax between gravid and non-gravid
female counterparts, but those females overall had higher
CTmax estimates than males. More research comparing repro-
ductive effects on CTmax through stages of both oviparity
and viviparity as well as the effects of maternally experienced
thermal stress on the health of offspring would be pertinent
future research.

As water temperatures increase, ectotherms increase aero-
bic oxygen uptake rates to a point before switching to unsus-
tainable anaerobic pathways (Pörtner and Peck, 2010). So, it

follows that we observed increases in ventilation rates with
increasing temperatures during experimentation (Angilletta
Jr, 2009). Given that all life stages in this study had fully
developed cardiorespiratory systems (i.e. we did not examine
embryos in this study), the reason for the slight increases in
juvenile and subadult ventilation rates compared to adults,
particularly in males, is unclear (Fig. 4). Given that there was
only one juvenile female in the study, it is difficult to determine
if there is physiological significance to these results. During
these ventilation counts, we did observe that sharks were
typically at rest for the first hour of the trials until ∼30◦C was
reached. In many cases, from 30◦C to the CTmax endpoint,
sharks became more agitated and active, which is consistent
with previous teleost work (Lutterschmidt and Hutchison,
1997; Wells et al., 2016; Firth et al., 2021). Overall, because
we did not detect any differences in CTmax across life stages
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Figure 4: The proportion of activity type (resting verses active) during CTmax trials across (A) life history stages and (B) between sexes. Error bars
represent standard error of the mean and there was no significant difference between any groupings (life history stage: P = 0.21; sex: P = 0.45)

Figure 5: Ventilation rates (gill beats per minute) of epaulette sharks across CTmax assays between (A) life history stages and between (B) sexes.
Ventilation rates were measured every 15 minutes for the first 105 minutes, and then every two minutes until the loss of righting reflex occurred.
Shaded areas represent the 95% confidence intervals of the linear mixed effects model fits

or between sexes, our data suggest that when a singular metric
of upper thermal tolerance is used, upper thermal tolerance is
conserved.

Body size and CTmax

Beyond specific life history stages and the associated energetic
investments, body size itself also plays a role in upper thermal
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tolerance. Core body temperatures of large-bodied fishes heat
more slowly than in smaller fishes due to lower surface area
to volume ratios (Stevens and Fry, 1974; Zhang and Kieffer,
2014; Messmer et al., 2017). Many studies have found small
changes in CTmax with increasing body size, including both
positive (Ziegeweid et al., 2008; Zhang and Kieffer, 2014;
Clark et al., 2017) and negative relationships (e.g. Komoroske
et al., 2014; Clark et al., 2017; Messmer et al., 2017; Leiva et
al., 2019), and it is possible that differences in thermal ramp-
ing rates partially explain these differences. To fully clarify
why the relationship between upper thermal tolerance, life
history stage and body size is conflicting across the literature,
future studies should include a full range of life stages, an
appropriate thermal ramping rate, the same end point across
stages and validate the reproductive status of adults.

Implications and future directions
Attention to experimental design and implementation of
CTmax estimates will be key to furthering our understanding
of elasmobranch upper thermal tolerance. For example, in
Gervais et al. (2018), Heron Island reef flat epaulette sharks
demonstrated seasonal plasticity in CTmax, where values were
2.93◦C higher in the summer compared to the winter. Instead,
our CTmax estimates averaged at 36.22◦C (±0.36◦C s.d.),
which was 1.17◦C degrees lower than expected for the
spring season based on Gervais et al. (2018). However,
in our study, we chose a slower thermal ramping rate for
assays of 0.1◦C min−1, whereas Gervais et al. (2018) used
0.26◦C min−1. This methodological difference is likely why
we found lower CTmax values than expected, because slower
ramping rates typically produce lower CTmax end points
(Messmer et al., 2017; Kingsolver and Umbanhowar, 2018;
Illing et al., 2020). Therefore, selecting appropriate and
consistent thermal ramping rates that allow the internal
body temperature to mirror the thermal ramping assay is
an important consideration moving forward with both inter-
and intra-specific comparisons of CTmax among large-bodied
fishes.

Considering which physiological metric to use when
assessing upper thermal tolerance also warrants more
investigation. For example, median lethal temperature (LT50)
is also an excellent estimate of upper thermal tolerance in
fishes (Pottier et al., 2022), and would be easier to implement
than CTmax in embryonic stages. However, given the lethal
nature of this method, it may not be appropriate for studies
on wild-caught elasmobranchs. Thermal effects on metabolic
rate may also be a useful, non-lethal method to assess changes
in organismal energetic costs. Adult epaulette shark metabolic
costs do not differ between current day spring and summer
mean water temperatures (25◦C versus 28◦C) (Wheeler et
al., 2022), but prolonged, chronic exposure to future ocean
warming temperatures of 31◦C does reduce physiological
performance of embryos and neonates (Wheeler et al., 2021).
Indeed, chronic exposure to elevated temperatures that are

well below CTmax may provide a better picture of sublethal
effects of ocean warming across ontogeny.

Epaulette sharks are thought to reach maturity in 2–4 years
(Vanderwright et al., 2021), which for an elasmobranch, is a
relatively short generation time. This may provide some scope
for intergenerational adaptation in parallel to ocean warming
within this species; however, most other elasmobranchs have
longer generation times and may not keep pace, which could
render species in this group particularly vulnerable as warm-
ing continues. Moving forward from this study, researchers
can now refine experimental designs to better elucidate the
thermal tolerance limits and overall physiological perfor-
mance of this and other elasmobranch species in the context
of continued ocean warming.
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